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Based on polymerase chain reaction (PCR) utilizing 
degenerate primers directed to the second and sixth 
transmembrane domains of several G-protein-coupled 
neurotransmitter receptors and screening of a human 
B-lymphoblast cDNA library, we isolated a cDNA 
whose predicted amino acid sequence shows consider- 
able homology with human chemoattractant recep- 
tors, e.g., 30% overall identity with the C5a anaphyla- 
toxin receptors. The coding region consists of 1056 bp 
corresponding to 352 amino acid residues and giving 
an approximate molecular weight of 43 kDa. Northern 
blot analysis showed hybridizing transcripts in spleen, 
thymus, and lymph nodes, as well as in bone marrow 
and peripheral blood leukocytes. Message was also 
found in lymphoid tumor cell lines. Chromosome map- 
ping with FISH/DAPI technique showed the corre- 
sponding gene to reside on human chromosome 
14qll.2-ql2. In accordance with the Genome Database 
Nomenclature the receptor was designated CMERL1 
("chemoattractant receptor-like l w ). Stably trans- 
fected mammalian cells (CHO cells and LVIP2.0Zc re- 
porter cells) expressing high levels of corresponding 
receptor UNA were analyzed for changes in cAMP con- 
centration and cellular calcium fluxes. Chemokines 
tested to date (GRO-a, MCP-1, MCP-3, MlP-la, MDMb, 
C5a, RANTES, and LTB 4 ) have failed to elicit any re- 
producible response. Although the ligand for CMKRL1 
could thus not be identified among chemotactic pep- 
tides, the high expression in lymphoid cells and tissues 
suggests that the receptor may function in the regula- 
tion of the inflammatory system, c 1996 Academic Press, inc. 



INTRODUCTION 



The superfamily of G-protein-coupled membrane re- 
ceptors receives signals that show great variety in 
chemical structure and originate from a large number 

Sequence data from this article have been deposited with the 
EMBL/GenBank/DDBJ Data Libraries under Accession No. X98356. 
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of sources (Watson and Arkinstall, 1994). Recent rapid 
development in the understanding of the molecular 
mechanisms underlying the functions of these recep- 
tors is to a large extent based on the cloning and struc- 
tural analysis of cDNA or genes encoding the receptors, 
not least the receptors receiving signals from neuro- 
transmitter amines and peptides. Such work was pion- 
eered by the groups of Lefkowitz (cf. Dixon et al, 1986), 
Numa (cf. Kubo et al, 1986), and Nakanishi (cf. Masu 
et al, 1987). 

In an attempt to identify cDNAs encoding new Cr- 
protein-linked receptors we used degenerate primers 
directed toward conserved regions of known (neuro- 
transmitter) receptors in low-stringency PCRs (Libert 
et al, 1989) to generate receptor DNA that might be of 
functional interest at the interface between the ner- 
vous system and the immune system. In this context 
several hitherto unknown DNA sequences were ampli- 
fied from a human B-cell lymphoblast template and 
subsequently used to screen a corresponding cDNA li- 
brary to obtain the full-length sequence. One such full- 
length cDNA, described in the present paper, turned 
out to have a particularly high degree of homology with 
the family of G-protein-coupled receptors activated by 
chemoattractant cytokines, the model substance being 
interleukin-8 (Holmes et al, 1991). In accordance with 
the Genome Database Nomenclature rules the receptor 
was designated CMKRL1, which stajids for "chemoat- 
tractant receptor-like 1." 

MATERIALS AND METHODS 

Isolation of cDNA clone. A cDNA library of a human B-cell 
lymphoblast cell line (GM03299; NIGMS Human Genetic Mutant 
Cell Repository, Camden, NJ) was constructed from poly(A) -selected 
RNA in the pcD/SP6/T7 cloning and expression vector (Morel et al., 
1992) a derivative of Okayama-Berg's pcD vector (Okayama et aL, 
1987)' The library contained 7.5 X 10 6 recombinants. Plasmid prepa- 
ration was prepared by cesium chloride -ethidium bromide banding 
(Sambrook et al, 1989) and used as template (1 /<g) in PCR (Mulhs 
and Faloona, 1987) attempting to amplify a DNA stretch between 
the putative TMII and TMV1 of G-protein-coupled receptors. The 
sense primer was a 27-mer oligonucleotide with 250-fold degeneracy 
(5 -A(T"TCCTGGTG(C)A(T)G(A)CCTO 

GAC-3'); the antisense primer was a 29-mer <*^^^^ ™" 
128-fold degeneracy (5'-AT(G)GA(T)AGA(T)AGGGCAGCCAGC- 
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AGAC(G)C(G)G< A)T(C)GAA-3'). The primers were used in 1 /zAf con- 
centrations together with Taq polymerase (Geneamp: Perkin- Elmer 
Cetus). Forty cycles of 96°C for 45 s (denaturation), 55°C for 4 min 
(annealing), and 72°C for 4 min (extension) were carried out. followed 
by a final extension at 72°C for 15 min. The products were analyzed 
on a 3% NuSieve genetic technology-grade agarose gel (FMC Bio- 
Products). Three bands between 500 and 700 bp in size were excised 
and blunted with T4 polymerase, and terminal phosphates were 
added with T4 polynucleotide kinase (New England BiolabsJ. The 
fragments were subcloned into the Hindi site of the M13mpl8 vector 
and sequenced according to Sanger's dideoxynucleotide termination 
method. Several sequences exhibited homology with the G-protein- 
coupled superfamily. Sequence information from one insert 
(hLymlO) was utilized to obtain a full-length cDNA clone. 

Screening of cDNA library. On the basis of sequence stretches in 
the PCR clone corresponding to the putative first extracellular and 
third intracellular loops, two 48-bp oligonucleotides were synthe- 
sized, one designated Lym5, 5'-ACACAGGAGGCAACCAGCCAG- 
TCCAAAACTCCAGGTGCCTTGGGCCAG-3', and the other Lvm6, 
5'-GATCGGTGCCAGCACCCGCCGGGCCATCGCCTTGGTGCG- 
TAGCTTCTG-3 ' . They were labeled with [ 7 - 32 P]ATP (5000 Ci/mmol, 
Amersham) and useji in combination as probes to screen pools of 
recombinants prepared from consecutive dilutions (Bonner et al., 
1987) of the human B-cell lymphoblast cDNA library. Hybridization 
of Southern blots was performed in 3x SSC (0.45 M NaCl, 0.05 M 
sodium citrate, pH 7.0) at 60°C, and the filters were washed in lx 
SSC at the same temperature. A positive band of 1.7 kb in size was 
followed until a single clone (designated Lyme21-9) was obtained. 
Overlapping restriction fragments were subcloned into M13 phage 
vectors for sequencing of both cDNA strands. Sequence analysis and 
comparisons were performed with Genetics Computer Group soft- 
ware (University of Wisconsin) and with GenBank as well as with 
the GeneWorks program from IntelliGenetics (Mountain View, CA). 
Hydrophobicity tests of the deduced amino acid sequence were car- 
ried out according to Kyte and Doolittle (1982). Chromosome map- 
ping results were evaluated in the Genome Data Base (GDB 6.0) and 
the NCBI database (Online Mendelian Inheritance in Man; OMIM). 

Chromosome mapping. The procedures followed were those of 
Heng and Tsui < 1993, 1994). Lymphocytes isolated from human cord 
blood were cultured in a-MEM medium supplemented with 10% fetal 
calf serum and phytohemagglutinin at 37°C for 68-72 h. The cul- 
tures were treated with 5-bromo-2'-deoxyuridine (0.18 mg/ml, 
Sigma) to synchronize the cell population. The synchronized cells 
were washed three times with serum-free medium to release the 
block and recultured at 37°C for 6 h in a-MEM with thymidine (2.5 
/ig/ml, Sigma). Cells were harvested and suspensions dropped on 
slides using standard procedures including hypotonic treatment, 
fixation, and air-drying. 

The probe used consisted of the entire plasmid construct of pcD 
vector including the Lyme21-9 cDNA insert. It was biotinylated with 
dATP at 15°C for 2 h using the BioNick labeling kit (BRL). 

For detection with fluorescence in situ hybridization (FISH) the 
slides were baked at 55°C for 1 h. After RNase A treatment the cell 
spreads were denatured in 70% formamide in 2x SSC for 1 min at 
70°C followed by dehydration with ethanol. The biotinylated DNA 
probe was denatured at 75°C for 5 min in a hybridization mix con- 
sisting of 50% formamide and 10% dextran sulfate and human cot I 
DNA (BRL), and prehybridized for 15 min at 37°C. The probe mix 
was loaded on the denatured slides and hybridized overnight. The 
slides were washed and the hybridization signal was recorded in a 
fluorescence microscope, photographed, and amplified as described 
(Heng and Tsui, 1994). The assignment of FISH mapping data with 
a chromosomal banding pattern following staining with 4'-6-diamid- 
ino-2-phenylindole (DAPI) was achieved by superimposing photo- 
graphic images according to Heng and Tsui ( 1993). 

Cell transfection. Intact plasmid DNA (10-25 fig) was used to 
transfect two cell lines: Chinese hamster ovary cells (CHO-Kl cells; 
CCL61, American Type Culture Collection, Rockville, MD> and 
mouse LVIP2.0Zc cells (Kbnig et al., 1991), which contain a stably 
integrated fusion gene, pV!P2.0Z plasmid (Riabowol et al, 1988), 



consisting of the Escherichia coli LacZ gene under the transcriptional if 
control of a fragment derived from the human vasoactive intestinal 
polypeptide (VIP) gene. The calcium phosphate precipitation method % 
(Chen and Okayama, 1987) was used, and the pcD neo vector was A 
cotransfected to allow for selection with the neomycin analog, G-418 
(Geneticin, 500 ^g/ml), which was started 72 h after the transfection 
and onward. The L cells were already maintained in the presence of 
25 ug/m\ hygromycin as a selectable marker for phyg — a plasmid 

encoding hygromycin B phospho-transferase (Sugden et al. t 1985) 

which had originally been cotransfected along with the VIP reporter 
construct. Monoclonal lines expressing the Lyme21-9 cDNA were 
obtained by limiting dilution. Expression of the corresponding mRNA f 
was verified by Northern blot hybridization with the same probes 
(Lym5 and Lym6) as used in the original library screening. Sham- 
transfected cells were used as controls. 

Measurement of adenylyl cyclase activity. This was assayed in 
transfected whole cells and based on changes in cAMP levels using 
two approaches. One was a semiquantitative screening of candidate 
receptor ligands utilizing the mouse L cells. These were seeded into 
96-well microtiter plates at 5 x 10 4 to 10 x 10 4 cells per well in 100 
ml medium and incubated for an additional 24 h. Then another 100 
ml medium was added containing the phosphodiesterase inhibitor, 
isobutyl methyl-xantine (IBMX), and the test ligand. Ligands were 
assayed for inhibition of adenylyl cyclase in the presence of 1 uM 
forskolin. The chromogenic substrate, o-nitrophenyl-6-D-galactopy- 
ranoside (ONPG, Research Organics), was added and any color 
change was measured in a plate reader (Molecular Devices) at 405 
nm wavelength. In the other method, cAMP accumulation was deter- % 
mined quantitatively in radioimmunoassays using l25 I-succinyl- 1 
cAMP as tracer (Brooker et al., 1979). CHO cells were seeded in 24- 
well clusters at a density of 10 6 cells per well and grown to confluence. 
The growth medium was replaced with 250 ml medium containing 
the test agents and 1 yM IBMX. Forskolin ( 1 uM) was added to allow 
for recording of any inhibitory responses. The reaction was stopped 
after 5 min with 250 ml ice-cold solution containing 0.1 N HC1 and 
1 mAf CaCl 2 - Radioactivity was measured in a gamma counter with 
85% counting efficiency. 

Intracellular calcium measurements. Transfected and nontrans- 
fected cells were seeded on 30-mm-diameter glass coverslips and 
grown for 1-2 days to 40-95% confluence. They were loaded with 2 
uM Fura-2 in 500 ^1 culture medium for 30 min at 37°C in the 
presence of 2.5 mAf probenecid. After three washes in extracellular 
medium buffer ( 135 mM NaCl, 4.6 mM KC1, 1.2 mM MgCl 2 , 1.5 mAf 
CaCl 2 , 11 mAf glucose, 11 mAf Hepes, pH 7.4) the coverslips were 
mounted in a custom-made perfusion chamber on the stage of a 
Nikon inverted fluorescence microscope fitted to a photometer (Pho- 
ton Technology International, Model D104). Measurements were car- 
ried out in extracellular medium buffer at room temperature, and 
the test agonists were added with a micropipette. Fluorescence im- 
ages were obtained by alternate excitation at 340 and 380 nm, and 
the emitted light was measured at 510 nm. The slit was adjusted to 
allow for measurements from a single cell. 

Tissue distribution of receptor mRNA. Northern blot hybridiza- 
tion was carried out according to the manufacturer's protocol (except 
for the use of 60°C washing temperature at 0.1 x SSC) on premade 
nitrocellulose multiple tissue filters from Clontech (MTN Blot I and 
II, HCCL) covering 28 human tissues and cell lines. The hybridiza- 
tion probe consisted of isolated and phenol-purified full-length DNA 
of the Lyme2l-9 clone labeled by random priming (Megaprime, Am- 
ersham) with [a- 32 P]CTP (3000 Ci/mmol, Amersham). All blots were 
exposed to Kodak XAR film with intensifying screens at -70°C for 
4 days. 

RESULTS 

PCR with degenerate oligonucleotide primers homol- 
ogous to DNA corresponding to the TMII and TMVI 
regions of several known neurotransmitter receptors 
resulted in the amplification of a 430 bp sequence 
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FIG. 2. Hydophobicity pattern of the deduced amino acid sequence of Lyme21-9 according to the algorithm of Kyte and Doolittle (1982). 
The horizontal figures show the amino acid numbers. Regions (indicated positive) containing the maximally hydrophobic amino acid residues 
(over a window of nine in the standard GCG program) are numbered (I-VII). 



The hybridization efficiency in the chromosome map- 
ping with FISH was 68% (i.e., among 100 checked mi- 
totic figures 68 showed signals on one pair of the chro- 
mosome). Based on the DAPI banding an assignment 
was obtained between the fluorescent signal from the 
Lyme21-9 DNA probe and the long arm of chromosome 
14 (Fig. 5). The* detailed position was further deter- 
mined as a summation from 10 photomicrographs, indi- 
cating localization of the corresponding gene to region 
qll.2-ql2 (Fig. 6). 

The tissue distribution of the receptor in terms of 
message established in Northern blot hybridization 
was analyzed with the use of a full-length, gene-specific 
cDNA probe at high stringency. As shown in Fig. 7 
the hybridization revealed two primary transcripts of 
slightly more than 5 and 7.5 kb in spleen, thymus, 
lymph nodes, bone marrow (large transcript predomi- 
nating), and peripheral blood leukocytes (small tran- 
script predominating) with the above-mentioned order 
of autoradiographic signal intensity. The two tran- 
scripts, alone or together, were expressed in some hu- 
man cancer cell lines (Fig. 7): promyelocytic leukemia 
HL-60, lymphoblastic leukemia MOLT-4, Burkitt 
lymphoma Raji, lung carcinoma A549, and chronic my- 
elogenous leukemia K-562. Some tissues — skeletal 
muscle, pancreas, and heart — showed only one, rela- 
tively weak, hybridizing band that was of smaller size, 
about 3 kb (Fig. 7). Two smaller bands appeared in the 
bone marrow, and they were seen at a lower signal 
intensity also in peripheral leukocytes. The tissue dis- 
tribution of the message was corroborated in RT-PCR 
experiments (unpublished data) on normal human tis- 
sue. Hybridization with a structurally related but dif- 
ferent cDNA probe (the Burkitt lymphoma receptor 
clone mentioned under Discussion) showed an entirely 
different hybridization pattern (unpublished data). 
Since the receptor is structurally similar to the chemo- 
attractant receptors, particulary the "classical" ones, 
but also the C-C or /3-chemokine receptors, it was 
named CMKRL1 (which stands for "chemoattractant 
receptor-like 1," in conformity with the Genome Data- 
base Nomenclature rules). 

Both L-VIP reporter cells and CHO cells were trans- 
fected with the Lyme21-9 plasmid, and permanently 
expressing clones of both cell lines were successfully 
established as revealed by positive bands appearing in 
Northern blot hybridization with the full-length cDNA 



(Lyme21-9) probe. Extensive attempts have been made 
to activate the exogenous CMKRL1 receptor with a 
large number of putative ligands, including the chemo- 
tactic peptides GRO-a, MCP-1, MCP-3, MlP-la, MIP- 
1b, C5a, RANTES, and LTB 4 (all used at a concentra- 
tion up to 100 fiM), as well as conditioned medium from 
cell lines known to produce cytokines, but results have 
so far been negative in measurements of both increases 
and decreases in cAMP levels, as well as cellular cal- 
cium fluxes measured by Fura-2 fluorescence. 

DISCUSSION 

A full-length cDNA (Lyme21-9) encoding a novel pu- 
tative seven-transmembrane (7TM) domain receptor, 
named CMKRL1, was identified in a human B-cell 
lymphoblast library by screening with degenerate 
primers and radiolabeled oligonucleotide probes corre- 
sponding to neurotransmitter receptors. Highest ex- 
pression of receptor message was found in leukocytes, 
lymph nodes, thymus, and bone marrow. Northern blot 
hybridization with a specific, full-length cDNA probe 
showed — even under high stringency conditions — sev- 
eral bands with sizes varying between approximately 
7.5 and 1.5 kb. Only the smallest bands corresponded 
to the size of the cloned cDNA. There could be several 
reasons for this, given that the hybridization signal is 
specific. There may be splice variants of the message 
and/or a varying expression of different entities in the 
course of cell maturation. Indeed, several potential 
splice sites, identified by, e.g., the base combination 
CAGG (cf. Mattaj and Seraphin, 1992), can be seen in 
the currently cloned cDNA sequence. The cDNA may 
have been synthesized primarily from the short mRNA 
individuals, or even from truncated forms, in the con- 
struction of the cDNA library (Okayama et aZ., 1987). 

While many cloned G-protein-linked receptors be- 
long to the neurotransmitter receptor category, only 
relatively few are specifically associated with the im- 
mune system (e.g., Murphy, 1994; Watson and Arkin- 
stall, 1994; Kunkel et ai, 1995). Several novel receptor- 
DNA sequences that may belong to this functional cate- 
gory based solely on predicted amino acid similarity 
have been cloned during the past few years, though the 
ligands involved have not yet been identified. Members 
of this receptor family are the BLRs, expressed in Bur- 
kitt lymphoma and in lymphocyte cell lineages (Dobner 
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humD2 

humb2 

humninK 

humsubP 



huinsubK 
humIL8A 



humIL8B 



I — humCKRl 



1 — humMIPlaR 



humCKR2 



' humMCPlr 

, — humCSAR 

I — humFMLR 

I — Lyme21-9 

duffy 

FIG. 4. Dendrogram (the horizontal distances to the branching 
points corresponding to the relative degree of sequence identities) 
based on the eight human chemoattractant receptors listed in Fig. 
3 as well as the Duffy antigen, together with the currently cloned 
Lyme21-9, showing similarities in the evolutionary pattern. For com- 
parison, the dendrogram also includes a selection of "unrelated" hu- 
man receptors belonging to the rhodopsin-type family: the amine 
receptors histamine HI, muscarinic Ml, dopamine D 2 , adrenergic 
02 , and the peptide receptors neuromedin K, substance P, and sub- 
stance K. Full amino acid sequences were used in the multiple align- 
ments and the dendrogram and they were performed with the PileUp 
software in the GCG program. 

et al, 1992). We recently cloned (unpublished results) 
another heptahelix-type Burkitt lymphoma receptor 
from the same B-lymphoblast library used in the pres- 
ent study. The peptide sequence deduced from that 
cDNA shows, however, only approximately 22% iden- 
tity with the corresponding sequence of Lyme21-9, and 
while ubiquitiously distributed, there is no expression 
in peripheral blood leukocytes, in contrast to the situa- 
tion for Lyme21-9. Recently, another 7TM receptor ex- 
pressed in leukocytes, LESTR, was cloned from a mono- 
cyte library (Loetscher et al., 1994) and was found to 
be the human equivalent of the bovine brain boLCRl, 
which was mistakedly thought to be a neuropeptide Y 
(NPY) receptor (Rimland et al, 1991). A cDNA se- 
quence with more than 90% amino acid identity to the 
bovine sequence has been cloned from human lung and 
kidney libraries, and the corresponding gene was found 
to reside in chromosome 2 (Herzog et al., 1993). Strong 



FIG. 5. Fluorescence photomicrographs with examples of FISH 
mapping of the gene corresponding to CMKRLl. (A) The fluorescent 
signals on one human chromosome. (B) The same mitotic figures 
stained with DAPI to identify chromosome 14. Original magnification 
X1300. 

attention has recently been given to these receptors 
because they seem to be an entry-cofactor for HIV-1, 
and are hence termed "fusins" (Feng et al, 1996), in 
CD4-positive target cells. Another lymphoid-specific re- 
ceptor, EBI1, originally identified as an Epstein-Barr- 
induced cDNA (Birkenbach et al., 1993), has turned 
out to be expressed also in normal lymphoid tissues; the 
corresponding gene is located in human chromosome 17 
(Schweickart et al, 1994). The IL-8 receptor genes are 
clustered on human chromosome 2 (Ahuja et al., 1992). 
The present Lyme21-9 gene was found to have yet an- 
other localization — on chromosome 14. The chemo- 

14 

13 es> 



12 
13 

21 




FIG. 6. Diagram of F1SH/DAPI mapping results. Each dot repre- 
sents the double fluorescent signals detected on chromosome 14 (im- 
ages from 10 photographs). 
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.4, Burkitt lymphoma Raji, colorectal adenocarcinoma SW480, lung caranoma A549, and melanoma G361. 



kine-like human receptor gene, R2, has recently been 
mapped to this chromosome as well (Raport et aL, 
1996). Thus, there seems to be no common denominator 
in this context for a clue to receptor identification. In- 
deed, a search in the Genome Data Base did not provide 
any further clues about possible ligands or any disease 
of interest mapped in human chromosomes to the par- 
ticular region in which the CMKRL1 gene is localized. 

Because of the similarity to chemoattractant recep- 
tors and the high expression in lymphoid tissues in- 
cluding leukocytes, the currently cloned receptor was 
designated CMKRL1. Murphy (1994) has listed five 
consensus features that appear to identify chemoat- 
tractant receptors as a distinct subfamily among the 
heptahelix receptors. Thus, their sequences are similar 
in length, approximately 350 amino acid residues 
(CMKRL1 is 352 residues long), which places them 
among the smallest in the receptor superfamily. In ad- 
dition, they show around 30% overall identity (the 
same as CMKRL1) in their peptide sequence. The third 
intracellular loop is short (16-22 amino acid residues; 
the deduced peptide of CMKRL1 has 21 residues) and 
is enriched in basic amino acids. In contrast, the N- 
terminal segments are usually acidic in the chemoat- 
tractant receptors, like the currently cloned receptor. 
Finally, a common characteristic of the receptors is ex- 
pression of their messages in leukocytes. 
- There may be several reasons why attempts to define 
ftinctionallv the ligands that bind to the above-men- 
tioned lymphoid-specific "orphan" receptors have been 
negative. Apparent reasons include the problem of ap- 
propriate translation of the exogenous receptor tran- 
script in transfected cell lines and inappropriate cou- 
pling or lack of coupling to second messenger. Indeed, 
ttie particular second messenger system involved in the 



transduction of any of the unknown receptors may need 
to be defined as well; the chemokine-type receptors may 
be expected to transduce through inositol phosphate 
metabolism and calcium fluxes (Murphy, 1994). How- 
ever, the human fMLP receptor also requires for its 
intracellular signaling a complementary factor that is 
not identical to the a subunit of the heterotnmenc G 
proteins G u , G i2 , or G i3 (Murphy and McDermott, 
1991). Cloning of CMKRL1 showing identity with che- 
moattractant-type receptors extends the growing list 
of lymphocyte-expressing G-protein-coupled receptors 
that may be involved in the control of lineage-specific 
stages during B-cell lymphopoiesis (cf. Kincade, 1994) 
or may be involved in inflammation as regulators of the 
lymphocyte trafficking function. (Forster et aL, 1994). 

ACKNOWLEDGMENTS 

This work was supported by Grant 14X-5680 from the Swedish 
Medical Research Council, from LEO Ltd. Research Foundation, and 
from The Fogartv International Foundation (Ch.O. was Fogarty 
Scholar-in-Residence at the National Institutes of Health, Bethesda, 
Maryland). 

REFERENCES 

Ahuja, S. K., Ozcelik, T., Milatovitch, A., Francke, U., and Murphy, P. 
M. (1992). Molecular evolution of the human interleukin-8 receptor 
gene cluster. Nature Gen. 2: 31-36. 

Birkenbach, M.. Josefsen, K., Yalamanchili, R., Lenoir, G., and Kieff, 
E. (1993). Epstein-Barr virus-induced genes: First lymphocyte- 
specific G protein-coupled peptide receptors. J. Virol 67: 2209- 
2220. 

Bonner, T. 1., Buckley, N. J., Young, A. C, and Brann, M. R. (1987). 
Identification of a family of muscarinic acetylcholine receptor 
genes. Science 237: 527-532. 

Boulay, F., Tardif, M. f Brouchon, L. ( and Vignais, P. (1990). Synthe- 
sis and use of a novel N-formyl peptide derivative to isolate a 



OWMAN, NILSSON, AND LOLAIT 



194 

human iV-formyl peptide receptor cDNA. Biochem. Biophys. Res. 
Commun. 168: 1103-1109. 

Brooker, G., Harper, J. F., Teraski, W. L., and Moylan, R. O. (1979). 
Radioimmunoassay of cyclic AMP and cyclic GMP. Adv. CycL Nu- 
cleotide Res. 10: 1-33. 

Chen, C, and Okayama, H. (1987), High-efficiency transformation 
of mammalian cells by plasmid DNA. Mol. Cell Biol. 7: 2745- 
2752. 

Dixon, R. A. F. f Kobilka, B. K., Strader, D. J., Benovic, J. L. f Dohl- 
man, H. G., Frielle, T., Bolanowski, M. A., Bennett, C. D., Rands, 
E., Diehl, R. E., Mumford, R. A., Slater, E. E., Sigal, I. S., Caron, 
M. G., Lefkowitz, R. J., and Strader, C. D. (1986). Cloning of the 
gene and cDNA for mammalian /^-adrenergic receptor and homol- 
ogy with rhodopsin. Nature 321: 75-79. 

Dobner, T., Wolf, I., Emrich, T., and Lipp, M. < 1992). Differentiation- 
specific expression of a novel G protein -coup led receptor from Bur- 
kitt's lymphoma. Eur. J. Immunol. 22: 2795-2799. 

Feng, Y., Broder, C. C, Kennedy, P. E„ and Berger, E. A. (1996). 
HIV-1 entry cofactor: Functional cDNA cloning of a seven-trans- 
membrane G protein-coupled receptor. Science 272: 872-876. 

Fbrster, R., Emrich; T., Kremmer, E., and Lipp, M. (1994). Expres- 
sion of the G-protein-coupled receptor BLR1 defines mature, recir- 
culating B cells and a subset of T-helper memory cells. Blood 84: 
830-840. 

Gerard, N. P., and Gerard, C. (1991). The chemotactic receptor for 
human C5a anaphylatoxin. Nature 349: 614-617. 

Heng, H. H. Q., and Tsui, L.-C. (1993). Modes of DAPI banding and 
simultaneous in situ hybridization. Chromosoma 102: 325-332. 

Heng, H. H. Q., and Tsui, L.-C. (1994). FISH detection on DAPI- 
banded chromosomes. In "Methods in Molecular Biology: In Situ 
Hybridization Protocols" (K. H. A. Choo, Ed.), pp. 35-49, Humana 
Press, Clifton, NJ. 

Herzog, H., Hjort, Y. J., Shine, J., and Selbie, L. A. (1993). Molecular 
cloning, characterization, and localization of the human homolog 
to the reported bovine NPY Y3 receptor: Lack of NPY binding and 
activation. DNA Cell Biol. 12: 465-471. 

Holmes, W. E., Lee, J., Kuang, W.-J., Rice, G. C, and Wood, W. I. 
(1991). Structure and functional expression of a human interleu- 
kin-8 receptor. Science 253: 1278-1280. 

Kincade, P. W. (1994). B lymphopoiesis: Global factors, local control. 
Proc. Natl. Acad. Sci. USA 91: 2888-2889. 

Kiinig, M., Mahan, L. C, Marsh, J. W., Fink, J. S., and Brownstein, 
M. J. (1991). Method for identifying ligands that bind to cloned 
G s - or G-coupled receptors. Mol. Cell. Neurosci. 2: 331-337. 

Kozak, M. (1986). Point mutations define a sequence flanking the 
AUG initiator codon that modulates translation by eukaryotic ribo- 
somes. Cell 44: 283-292. 

Kubo, T., Fukuda, K., Mikami, A., Maeda, A., Takahashi, H., Mis- 
hina, M., Haga, T., Haga, K., Ichiyama, A., Kangawa, K., Kojima, 
M., Matsuo, H., Hirose, T., and Numa, S. ( 1986). Cloning, sequenc- 
ing and expression of complementary DNA encoding the musca- 
rinic acetylcholine receptor. Nature 323: 411-416. 

Kunkel, S. L., Strieter, R. M., Lindley, I. J. D., and Westwick, J. 
(1995). Chemokines: New ligands, receptors and activities. Immu- 
nol. Today 16: 559-561. 

Kyte, J., and Doolittle, R. F. (1982). A simple method for displaying 
the hydropathic character of a protein. J. Mol. Biol. 157: 105-132. 



Libert, F., Parmentier, M., Lefort, A., Duisart, C, Van Sande, J. 

Maenhaut, C, Simmons, M. J., Dumont, J. E., and Vassart, g! 

( 1989). Selective amplification and cloning of four new members 

of the G protein-coupled receptor family. Science 244: 569-572. 
Loetscher, M., Geiser, T„ O'Reilly, T., Zwahlen, R., Baggiolini, M, 

and Moser, B. (1994). Cloning of a human seven-transmembrane 

domain receptor, LESTR, that is highly expressed in leukocytes. 

J. Biol. Chem. 269: 232-237. 
Masu, Y., Nakayama, K., Tamaki, H. t Harada, Y., Kuno, M., and 

Nakanishi, S. (1987). cDNA cloning of bovine substance-K receptor 

through oocyte expression system. Nature 329: 836-838. 
Mattaj, I. W., and Seraphin, B. (1992). Picking the needle from the 

haystack. Carr. Biol. 2: 363-365. 
Morel, A., O'Carroll, A.-M., Brownstein, M. J., and Lolait, S. J. { 1992). 

Molecular cloning and expression of a rat Via arginine vasopressin 

receptor. Nature 356: 523-526. 
Mullis, K. B., and Faloona, F. A. ( 1987). Specific synthesis of DNA in 

vitro via a polymerase-catalyzed chain reaction. Methods EnzymoL 

155: 335-350. 

Murphy, P. M. (1994). The molecular biology of leukocyte chemoat- 
tractant receptors. Annu. Rev. Immunol. 12: 593-633. 

Murphy, P. M., and McDermott, D. (1991). Functional expression of 
the human formyl peptide receptor in Xenopus oocytes requires a 
complementary human factor. J. Biol. Chem. 266: 12560-12567. 

Okayama, R, Kawaichi, M., Brownstein, M., Lee, F., Yokota, 
and Arai, K. (1987). High-efficiency cloning of full-length cDNA; 
construction and screening of cDNA expression libraries for mam- 
malian cells. Methods EnzymoL 154: 3—28. 

Raport, C. J., Schweickart, V. L., Cantry, D., Eddy, R. L., Jr., Shows, 
T. B., Godiska, R., and Gray, P. W. (1996). New members of the 
chemokine receptor family. J. Leukocyte Biol. 59: 18-23. 

Riabowol, K. T., Fink, J. S., Gilman, M. Z., Walsh, D. A., Goodman, 
R. H., and Feramisco, J. R. (1988). The catalytic subunit of cAMP- 
dependent protein kinase induces expression of genes containing 
cAMP-responsive enhancer elements. Nature 336: 83-86. 

Riek, R. P., Handschumacher, M. D., Sung, S.-S., Tan, M., Glynias, 
M. J., Schluchter, M. D., Novotny, J., and Graham, R. M. (1995). 
Evolutionary conservation of both the hydrophilic and hydrophobic 
nature of transmembrane residues. J. Theor. Biol. 172: 245-258. 

Rimland, J., Xin, W., Sweetnam, P., Saijoh, K., Nestler, E. J., and 
Duman, R. S. (1991). Sequence and expression of a neuropeptide 
Y receptor cDNA. Mol. Pharmacol. 40: 869-875. 

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). "Molecular 
Cloning. A Laboratory Manual," Vol. 1, pp. 1.42-1.52, Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, NY. 

Schweickart, K. L., Raport, C. J., Godiska, R., Byers, M. G., Eddy, 
R. L., Shows, T. B., and Gray, P. W. (1994). Cloning of human 
and mouse EBI1, a lymphoid-specific G-protein-coupled receptor 
encoded on human chromosome 17ql2-q21.2. Genomics 23: 643- 
650. 

Sugden, B. K., Marsh, K., and Yates, J. (1985). A vector that repli- 
cates as a plasmid and can be efficiently selected in B-lymphoblasts 
transformed by Epstein-Barr virus. Mol. Cell. Biol. 5: 410-413. 

Thomas, K. M., Pyun. H. Y., and Navarro, J. (1990). Molecular clon- 
ing of the fMet-Leu-Phe receptor from neutrophils. J. Biol. Chem. 
265: 20061-20064. 

Watson, S., and Arkinstall, S. (1994). "The G-Protein Linked Recep- 
tor Facts Book/' pp. 1-427, Academic Press, London. 



